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Abstract
Late embryogenesis abundant (LEA) proteins, the space fillers or molecular shields, are the
hydrophilic protective proteins which play an important role during plant development and
abiotic stress. The systematic survey and characterization revealed a total of 68 LEA genes,
belonging to 8 families in Sorghum bicolor. The LEA-2, a typical hydrophobic family is the
most abundant family. All of them are evenly distributed on all 10 chromosomes and chro-
mosomes 1, 2, and 3 appear to be the hot spots. Majority of the S. bicolor LEA (SbLEA)
genes are intron less or have fewer introns. A total of 22 paralogous events were observed
and majority of them appear to be segmental duplications. Segmental duplication played an
important role in SbLEA-2 family expansion. A total of 12 orthologs were observed with Ara-
bidopsis and 13 with Oryza sativa. Majority of them are basic in nature, and targeted by chlo-
roplast subcellular localization. Fifteen miRNAs targeted to 25 SbLEAs appear to participate
in development, as well as in abiotic stress tolerance. Promoter analysis revealed the pres-
ence of abiotic stress-responsive DRE, MYB, MYC, and GT1, biotic stress-responsive W-
Box, hormone-responsive ABA, ERE, and TGA, and development-responsive SKn cis-ele-
ments. This reveals that LEA proteins play a vital role during stress tolerance and develop-
mental processes. Using microarray data, 65 SbLEA genes were analyzed in different
tissues (roots, pith, rind, internode, shoot, and leaf) which show clear tissue specific expres-
sion. qRT-PCR analysis of 23 SbLEA genes revealed their abundant expression in various
tissues like roots, stems and leaves. Higher expression was noticed in stems compared to
roots and leaves. Majority of the SbLEA family members were up-regulated at least in one
tissue under different stress conditions. The SbLEA3-2 is the regulator, which showed abun-
dant expression under diverse stress conditions. Present study provides new insights into
the formation of LEAs in S. bicolor and to understand their role in developmental processes
under stress conditions, which may be a valuable source for future research.
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Introduction
Environmental stresses such as drought, salinity, high and low temperatures, metals, radiation,
and diseases cause extensive damage to crop plants by bringing about the changes in gene reg-
ulation and metabolism leading to reduced productivity [1]. To combat the stress conditions,
plants develop defense-responsive pathways with the help of regulatory and functional genes
[2]. Among them, the functional group of genes, mostly the Ca2+-dependent signaling mole-
cules activate the late embryogenesis abundant (LEA)-type genes, which are protective proteins
that help in damage repair of plants under diverse abiotic stress conditions [3]. LEA proteins
are characterized by repeated motifs and disordered structure [4], first discovered in cotton
seeds [5] during embryo development. Under desiccation, expressions of LEAs were high in
embryos during seed maturation [6–7]. LEAs have been reported to be responsive to various
developmental processes and also to abiotic stresses like drought, low temperature, salt, and
ABA [8–9]. LEAs act as membrane protectors and stabilizers, ion chelators, hydration buffers
and antioxidants [9].
Based on their amino acid sequence, homology, and conserved motifs, LEA proteins are
classified into eight groups LEA-1, LEA-2, LEA-3, LEA-4, LEA-5, LEA-6, dehydrins, and seed
maturation proteins (SMP) [10–11]. The groups 1–5 represent the major groups, and are pres-
ent in most of the plants [12]. The LEA-1 proteins contain a 20-amino-acid motif (GGETR-
KEQLGEEGYREMGRK) with a high content of Gly, Glu, and Gln residues [13]. The group 2
dehydrins consist of a motif called K-segment (EKKGIMDKIKEKLPG), which gives chaper-
one activity to protect proteins during abiotic stress [6]. The LEA-3 proteins have 11-amino
acid sequences (TAQAAKEKAGE) repeated 13-times and most of their functions were stud-
ied in transgenics [12]. The LEA-4 group does not show any conserved motif or repeats but
have a conserved structure at the N-terminus which forms α-helical structure [7]. The LEA-5
has lesser amino acid homology, but participates in seed maturation and dehydration [6]. The
LEA-6 proteins are characterized by their small size and two highly conserved motifs, motif 1
with LEDYK but replaced by proline and threonine at positions 6 and 7 in motif 2. Members
of dehydrins are intrinsically unstructured, expressed during the late embryogenesis stage and
stable under heat stress [14]. LEA proteins are ubiquitous and localized in cytoplasm, nucleus,
chloroplast, mitochondria, and endoplasmic reticulum [15]. LEAs do not have a specific locali-
zation and their particular functions depend on their intra-cellular locations. For example, the
mitochondrial localized pea LEA3 proteins protect rhodanese and fumarase from inactivation
under dehydration [16]. On the other hand, the nuclear localized LEA2, LEA4, and LEA7 pro-
teins display DNA binding [17]. The histidine-containing motifs in LEA2 and LEA4 proteins
are responsible for binding divalent cations and ion sequestration [18]. LEA proteins are rich
in glycine, glutamate, lysine and threonine but lack cysteine and tryptophan residues. Due to
the presence of highly charged amino acids like alanine, serine/threonine, they are highly
hydrophilic in nature. The secondary structures in LEA proteins are detected by the presence
of repeated motifs [9]. Though highly disordered, they acquire structural folding into α-helical
conformations under desiccation [19]. Based on the sequence similarity and conserved motif
sites, 51 LEA genes belonging to 9 different groups were identified so far in Arabidopsis [6–7],
108 in Brassica napus [20], 53 in Populus [21], 36 in Brachypodium distachyon [22], 34 in
Oryza sativa [23], 30 in Prunus mume [24], 29 in Solanum tuberosum [25], and 27 in tomato
[26].
Over expression of LEAs confer abiotic stress tolerance in different plants like Arabidopsis,
tobacco, rice, wheat, and lettuce [27]. The NtLEA7-3 shows resistance to drought, salt, and
cold in Arabidopsis thaliana [28]. In yeast, tomato LEA25 enhances the salt and chilling stress
tolerance [29]. The HVA1 promotes drought and salt stress tolerance in wheat and rice [30–
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31]. Heterologous expression of BnLEA4-1 in E. coli shows tolerance to heat and salt stress
[32]. The citrus dehydrin acts as radical scavenger and reduces the metal toxicity [18]. Like-
wise, two soybean LEA4 proteins bind to Fe and are associated strongly in reducing oxidative
damage induced by abiotic stress [33]. Further, it was shown that loss of LEA4 proteins result
in drought susceptibility in Arabidopsis [34]. The Arabidopsis LEA2 protein alters the patho-
genesis-related protein expression and confers defense response [35]. Similarly, the group 3
LEA proteins in maize confer tolerance to bacterial infection. While their heterologous expres-
sion in tobacco exhibit tolerance to Pseudomonas syringae [36], wheat TaLEA2 and TaLEA3 in
yeast enhance the salt and freezing stress tolerance [37]. Lin et al [38] found that VrDhn1 stabi-
lizes the DNA under seed desiccation. Thus, it appears overexpression of diverse LEA proteins
offer tailored protection against abiotic stress in a wide range of plants [15].
Sorghum bicolor is the fifth most important cereal crop, used as food, feed, fuel, fibre, and
fertilizer. It is moderately tolerant to drought, salinity, water logging conditions as well as high
temperature [39–42]. The knowledge about the number of LEA proteins and their families,
structure characterization, tissue specific expression, and chromosomal location is meagre in
S. bicolor. Hence, in the present investigation, comprehensive genome-scale identification of
LEAs, their structural characterization, chromosomal location, and promoter analysis along-
side the tissue specific gene expressions were carried out under varied abiotic stress
conditions.
Material and methods
Identification, chromosomal localization, and gene structure analysis of
LEA in S. bicolor
In the present study, 34 Oryza [23] and 51 Arabidopsis [7] LEA gene sequences were retrieved
from NCBI database and searched (using TBLASTN) against Sorghum bicolor genome in Gra-
mene database (http://www.gramene.org/) to find out their homologs. Genscan (http://genes.
mit.edu/GENSCAN.html) program was used to retrieve the coding and protein sequences.
Based on homology, Sorghum LEA sequences were analyzed by SMART program (http://
smart.embl-heidelberg.de/) [43] for the presence of conserved domains. MOTIF search
(http://www.genome.jp/tools/motif/) tools were used to check the reliability of conserved
domains. Chromosomal locations of LEAs were determined with the information obtained
from Gramene database and the physical map was drawn based on their positions. Gene
characterization was studied using Gene Structure Display Server (http://gsds.cbi.pku.edu.cn)
[44].
In silico characterization of SbLEA proteins
The molecular weight (MW), isoelectric point (pI), and GRAVY (grand average of hydropathi-
city), instability and aliphatic indices were calculated using ProtParam of Expasy tools [45]
(http://web.expasy.org/protparam). The NetPhos3.1 software was used to determine the phos-
phorylation sites within the LEA family [46]. The protein subcellular localization of LEA fam-
ily members was identified by using WoLF PSORT programs (http://wolfpsort.org/) [47]. The
putative trans-membrane helices were identified by using TMHMM server (http://www.cbs.
dtu.dk/services/TMHMM/) [48]. The conserved motif structures of LEA family genes were
retrieved by using Multiple Em for Motif Elicitation (MEME) software (http://meme-suite.
org/) with default parameters: number of motifs (1–10), motif width of 5–50, and the number
of motif sites (5–10) [49]. The putative miRNAs in targeting the SbLEA genes were identified
using psRNATarget server [50] with default parameters.
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Promoter analysis of SbLEA family, phylogenetic analysis, and estimation
of synonymous and non-synonymous substitution rates
The 1000 bp genomic sequence upstream of start codon of SbLEA genes were examined using
PLACE [51] software to check for the presence of cis-elements responsible for development,
biotic, and abiotic stresses. The NJ phylogenetic trees for LEA protein family of S. bicolor, O.
sativa, and A. thaliana were generated using MEGA 6.2 software [52] with default parameters
like Poisson correction, pairwise deletion, and bootstrap value (1,000 replicates). Paralogues
and orthologues were identified using phylogeny and InParanoid 8 (the orthology analysis soft-
ware) [53] with default parameters like 0.01 cut off E value, 50 or higher cut off score values.
Synonymous and non-synonymous sites and substitution rates of paralogous and orthologous
gene pairs were calculated using PAL2NAL software (http://www.bork.embl.de/pal2nal/) [54].
In-silico expression profiling of SbLEAs
Expression analysis for the identified SbLEA genes was performed using Affymetrix whole-
transcriptome Sorghum array data accessible from the SorghumFDB [55]. The Genevestigator
platform [56] was used to perform the microarray analysis for SbLEAs genes under several
environmental stresses (drought, salt, heat, and cold) with different samples embedded in the
platform. The expression profiles of SbLEA genes identified from Sorghum array was used for
cluster analysis. A heat map of expression profiling was developed by using hierarchical clus-
tering tool embedded in Genevestigator platform [57].
Plant material and stress conditions
The seeds of S. bicolor BTx623 variety were sown in pots containing 4.5 kg of black clay soil
under glass house conditions at 28/20 oC day/night temperatures. After 40 days, the plants
were subjected to drought and salt stresses by treating with 1 liter each of 150 mM mannitol
and NaCl individually for 4 h. The cold stress was applied by keeping the plants at 4˚C for 4 h
and heat stress by exposing the plants to 40˚C for 4 h in a growth chamber. The respective con-
trols were maintained under identical conditions. Roots, stems, and leaves were collected and
snap frozen immediately in liquid nitrogen and stored at -80˚C until further use.
RNA extraction and qRT-PCR analysis for transcriptional profiling of
SbLEA genes
The MACHEREY-NAGEL kit was used to isolate the total RNA from roots, stems, and leaves
by following the manufacturer’s instructions. The first strand cDNA was synthesized from
total RNA (3 μg concentration) using first strand synthesis kit (Thermo Scientific). Gene spe-
cific primers were designed by using NCBI PRIMER Blast (www.ncbi.nlm.nih.gov/tools/
primer-blast/) [58] and Primer3 software (http://bioinfo.ut.ee/primer3-0.4.0/) [59] with the
default parameters: 57–60˚C annealing temperature, 18–22 bp primer length, 50–55% GC con-
tents, and 80–140 bp amplicon length (S1 Table). The SYBR Green Master Mix (2X) (Takara)
was used according to the manufacturer’s recommendations. Two biological duplicates with
three technical replicates were taken for qRT-PCR analysis in Mx3000p (Agilent Technologies)
with the following thermal cycles: 1 cycle at 95 oC for 10 min, followed by 40 cycles alterna-
tively at 95 oC for 15 sec and 60 oC for 1 min. The amplicon dissociation curves were recorded
with fluorescence lamp after 40th cycle by heating from 58 to 95 oC within 20 min. Transcript
levels of SbAcp and SbEP-F genes were used as internal controls [60]. Relative gene expressions
were calculated by employing Rest software [61] and average values are represented. Statistical
significance of the expression values was determined by using t-test.
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Results
Identification, chromosomal localization and gene structure analysis of
SbLEA genes
A total of 68 LEA genes were identified in the genome of S. bicolor based on rice and Arabidop-
sis LEA homologs. Their reliability was checked for the presence of conserved domain using
SMART and MOTIF tools. The genes are grouped into 8 sub-families like LEA 1–6, dehydrins,
and SMP based on their conserved domains and Pfam nomenclature. Among all the families,
SbLEA2 was found as the largest family with 40 genes (SbLEA2-1 to SbLEA2-40), followed by
SbLEA3 with 7 genes (SbLEA3-1 to SbLEA3-7), and SbDHNs with 6 genes (SbDHN1- SbDHN6).
Both SbLEA1 and SbLEA4 families contain 5 genes each, while SMP has only 3 members. The
smallest families are SbLEA5 and SbLEA6 with one member each (Table 1). SbLEA genes were
distributed on all the chromosomes. Out of 68 genes, 13 genes are localized on chromosome 1;
11 on 2, 10 on 3, 6 on 4, 3 on 5, 7 on 6, 4 on 7, 3 on 8, 8 on 9, and 3 on 10 (Table 1 and Fig 1).
All the members of SMPs have only 1 intron and 2 exons. A total of 22 genes out of 40 in the
group SbLEA2 lack introns. SbLEA2-9 showed a maximum of 8 exons. Out of 68 SbLEA genes,
only one exon was observed in 31 genes, 2 exons in 19 genes, 3 in 6, 4 in 5, and 5 in 5, 6 in 1,
and 8 in 1. A total of 22 genes out of 40 in the group SbLEA2 lack introns (Table 1 and Fig 2).
In silico characterization of SbLEA proteins
The SbLEA family genes encode polypeptides ranging from 79 to 624 amino acids in length.
While SbLEA3-3 and SbLEA7 contain 79 amino acids (aa), 624 aa are present in SbLEA2-23.
Accordingly, the predicted molecular weights range between 8.14 to 67.77 kDa. Among all, the
LEA-2 family members show the highest molecular weights (Table 1). Physicochemical analy-
sis reveal that the theoretical pI values range between 4.77 (SbSMP-2) - 11.48 (SbLEA2-27). A
total of 50 out of 68 proteins (73.52%) are of basic in nature, while remaining 18 (26.47%) of
them are acidic (Table 1). Likewise, SMP group was found to be the most acidic, and similarly
in LEA-2, 6 (15%) were identified as acidic. The instability index ranges between 8.54
(SbLEA1-3) and 69.39 (SbLEA2-27) depending upon the group. Nearly 42.64% of SbLEA pro-
teins have a low instability index (> 40), but the LEA-2 group appears unstable (62.5%). The
GRAVY of SbLEA proteins vary between -1.282 (SbLEA2-24) to 0.378 (SbLEA2-15). While
most of the LEA proteins are hydrophilic, 24 out of 40 (60%) LEA-2 family proteins appear
hydrophobic. But, LEA-1, LEA-4, and SbDHNs are completely hydrophilic in nature. The ali-
phatic index of SbLEA proteins ranges from 29.05 (SbDHN-6) to 104.41 (SbLEA2-15), and
SbLEA-2 exhibits the highest from the rest. Contrarily, SbDHNs show the least aliphatic index.
It is found that LEA proteins localise mostly to chloroplast (44.11%), followed by cytoplasm
(16.17%), nucleus (14.70%), mitochondria (7.35%), plastid (4.41%), and the rest in extra cellu-
lar matrix, cytoplasm-nucleus, chloroplast-nucleus, chloroplast-mitochondria, and chloro-
plast-cytoplasm as revealed by Wolfpsort tool. Majority of SbLEA-2 group members appear to
target to chloroplast (~60%). Proteins in the group SbLEA-1 are ~70 aa residues long, with
conserved DNA binding domain, whereas in the case of LEA-2 and DHNs family, proteins are
100 residues long. In LEA-3, they are 90 residues long, but in LEA-4 group, they are the small-
est with ~30–40 residues. The putative transmembrane helices were identified by using
TMHMM server. Only the SbLEA-2 family proteins contain transmembrane helices, some
exceptions being SbLEA4-2, SbLEA5-1, and SbDHN-3 (Table 1).
Majority of the SbLEA proteins phosphorylate at serine and threonine sites and very few of
them at tyrosine residue. In case of SMP group members, phosphorylation occurs at threonine.
Protein kinase C (PKC) and unsp are the most dominant types present in higher amounts in
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Table 1. Identified LEA genes in Sorghum bicolor exhibiting family, number of amino acids, chromosomal location, iso-electricpoint (pI/molecular weight (MW),
DNA binding domains (DBD), no. of exons, number of transmembrane helices, localization, GRAVY, instability index, and aliphatic index.
Gene Family No. of a.a. Chro pI/MW DBD No. of exons TMHMM Locali-zation GRAVY Instability index Aliphatic index
Sb02g018540 SbLEA1-1 428 2 9.83 / 44845.87 211–283 5 0 Chl -0.309 37.15� 66.57
Sb07g007690 SbLEA1-2 220 7 9.91 / 23382.56 8–80 2 0 Chl -0.416 42.05 73.05
Sb06g026900 SbLEA1-3 103 6 9.46 / 10673.89 1–73 1 0 M -0.963 8.54� 38.45
Sb10g000930 SbLEA1-4 223 10 10.12 / 23960.27 78–150 2 0 M -0.589 56.17 69.42
Sb10g012265 SbLEA1-5 281 10 9.77 / 31235.36 158–230 5 0 N -0.684 36.24� 63.91
Sb01g000200 SbLEA2-1 221 1 10.13 / 23553.04 93–200 1 1 Chl 0.197 52.95 94.16
Sb01g001660 SbLEA2-2 318 1 4.84 / 35109.79 80–176 1 0 C -0.357 19.46� 92.20
Sb01g002130 SbLEA2-3 217 1 9.30 / 23286.06 84–186 1 1 Chl 0.178 26.11� 89.45
Sb01g011230 SbLEA2-4 330 1 10.30 / 36381.87 121–150 2 1 Chl -0.188 39.74� 86.58
Sb01g016860 SbLEA2-5 219 1 8.67 / 23224.06 97–198 1 1 C 0.231 44.87 101.00
Sb01g018550 SbLEA2-6 438 1 10.16 / 47410.50 309–411 3 1 N -0.216 46.17 83.29
Sb01g030000 SbLEA2-7 208 1 10.01 / 22777.19 78–183 1 1 Chl 0.083 46.67 98.51
Sb01g040310 SbLEA2-8 238 1 9.10 / 25121.05 114–216 2 1 Chl 0.271 41.61 101.60
Sb02g006180 SbLEA2-9 277 2 8.44 / 132054.42 164–262 8 2 P 0.089 38.50� 102.00
Sb02g008820 SbLEA2-10 341 2 4.88 / 38029.21 57–170 1 0 C -0.268 33.52� 92.26
Sb02g002730 SbLEA2-11 392 2 10.53 / 41660.30 292–390 3 2 P -0.213 54.06 76.73
Sb02g017900 SbLEA2-12 208 2 7.49 / 22792.34 80–184 1 1 Chl 0.029 33.27� 84.76
Sb02g025570 SbLEA2-13 304 2 9.88 / 32923.95 199–292 4 1 Chl-N -0.104 60.95 84.18
Sb02g030840 SbLEA2-14 414 2 8.51 / 45711.33 276–384 5 1 Chl -0.252 42.94 81.06
Sb02g035010 SbLEA2-15 195 2 7.67 / 20621.92 73–174 1 1 Extr 0.378 35.24� 104.41
Sb02g035250 SbLEA2-16 202 2 9.12 / 22614.24 76–179 1 1 Chl 0.000 46.37 89.21
Sb02g038356 SbLEA2-17 382 2 10.52 / 40386.06 282–380 2 2 Chl -0.069 48.57 82.77
Sb03g001170 SbLEA2-18 152 3 5.09 / 15933.12 44–141 1 0 Chl 0.036 19.60� 98.75
Sb03g025840 SbLEA2-19 312 3 11.11 / 32197.16 132–232 1 1 Chl -0.057 53.75 73.91
Sb03g033900 SbLEA2-20 257 3 5.09 / 27235.99 134–235 1 1 C 0.158 37.22� 91.13
Sb04g009840 SbLEA2-21 472 4 11.47 / 50217.36 174–280 5 1 C 0.110 54.48 97.80
Sb04g022010 SbLEA2-22 261 4 9.38 / 28284.61 348–451 3 1 Chl 0.015 54.93 88.81
Sb04g023155 SbLEA2-23 624 4 8.46 / 67773.78 124–228 4 1 Chl-M 0.008 40.78 91.96
Sb04g032250 SbLEA2-24 283 4 5.79 / 31029.23 143–241 2 0 N -1.282 59.66 57.28
Sb04g032400 SbLEA2-25 196 4 9.27 / 21456.68 68–174 1 1 C 0.097 33.05� 86.53
Sb05g001340 SbLEA2-26 367 5 9.66 / 38483.91 103–206 4 1 Chl -0.090 52.30 86.49
Sb05g003630 SbLEA2-27 404 5 11.48 / 44027.74 218–367 2 1 Chl -0.326 69.39 77.08
Sb05g003631 SbLEA2-28 214 5 9.25 / 23456.94 76–179 1 1 Chl 0.106 37.24� 102.06
Sb06g016230 SbLEA2-29 221 6 7.68 / 23727.40 72–175 2 1 Extr 0.306 43.77 99.64
Sb06g029380 SbLEA2-30 216 6 10.22 / 23420.03 89–192 1 1 Chl 0.038 38.81� 85.37
Sb06g032920 SbLEA2-31 247 6 9.99 / 27134.46 120–222 1 1 C -0.066 44.57 90.77
Sb06g033570 SbLEA2-32 211 6 8.84 / 23254.03 80–184 2 1 Chl 0.194 38.15� 96.59
Sb06g033580 SbLEA2-33 219 6 8.40 / 24148.89 79–184 1 1 Chl 0.162 44.76 97.44
Sb07g000360 SbLEA2-34 214 7 9.04 / 23596.58 82–187 1 1 Chl 0.261 40.02 97.48
Sb08g001610 SbLEA2-35 306 8 9.93 / 32613.27 171–276 2 1 Chl -0.229 60.33 85.85
Sb08g003690 SbLEA2-36 215 8 9.10 / 23218.41 77–189 1 1 Chl -0.031 40.99 84.79
Sb08g003720 SbLEA2-37 369 8 11.11 / 32197.16 236–339 4 1 Chl -0.370 53.14 79.57
Sb09g023690 SbLEA2-38 215 9 10.09 / 22720.53 92–196 1 2 P 0.277 52.73 110.56
Sb09g026230 SbLEA2-39 260 9 5.09 / 26993.88 127–228 1 1 C 0.288 28.46� 96.81
Sb09g029870 SbLEA2-40 252 9 9.95 / 25661.54 122–227 1 1 Chl-C 0.302 30.70� 91.47
Sb01g033070 SbLEA3-1 95 1 9.22 / 10359.84 1–93 2 0 Chl -0.131 49.37 76.11
Sb03g009860 SbLEA3-2 101 3 10.69 / 9984.19 1–95 1 0 Chl 0.118 35.31� 80.89
Sb03g012940 SbLEA3-3 114 3 9.83 / 12087.83 2–88 3 0 Chl -0.388 35.31� 73.77
(Continued)
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all the SbLEA proteins. Next to PKC, cdc2, PKA, DNAPK, P38MAPK, and PKG are the most
common kinases associated with phosphorylation. The highest number of cdc2 was found in
LEA-2 family (S2 Table).
Conserved motif analysis
Sixty eight SbLEAs did not share high similarity, and each family was submitted to MEME sep-
arately and in combination for domain or motif structure analysis. Ten conserved motifs were
identified for each family except SbLEA-6, which contains only 7 (Fig 3 and S1 Fig). The para-
logs and closely related genes exhibit similar motif compositions. The composition of the
motifs is similar in each family but varies among different families. Motif 3 in LEA-1, motif 5
in LEA-2, and motif 5 and 6 in DHNs appeared as the biggest motifs. Fifty four SbLEA pro-
teins exhibit common motifs and motif 1 is the most common and conserved structural motif
present in majority of the proteins. Motifs 9 and 10 are the key features of DHN sequences.
For recognition of SbDHN proteins, K-segment in motifs 1 and 3, S-segment in motif 2, and
Y-segment in motif 4 were used (Fig 3 and S1 Fig). Conserved motifs were not observed in
LEA-1, 4, 5, 6, and SMP families. Next to motif 1, motif 3 is the most conserved and located at
C terminus. While in LEA-3 group, motif 5 is the most conserved, in LEA-2 family, motif 7 is
the structural motif conserved at N terminus (S2 and S3 Figs).
In silico prediction of miRNAs targeting LEAs
Our analyses identified that 25 different SbLEA genes namely SbLEA2-1, 3, 5, 8, 14, 15, 18, 24,
25, 27, 31, 32, 33, 35, 36, 37, 38, and 40, SbLEA3-2, 3, 5, 6, and 7, SbSMP-3 and SbDHN-5 are
Table 1. (Continued)
Gene Family No. of a.a. Chro pI/MW DBD No. of exons TMHMM Locali-zation GRAVY Instability index Aliphatic index
Sb03g012950 SbLEA3-4 79 3 9.70 / 8140.33 1–74 1 0 C -0.375 25.24� 70.89
Sb04g023310 SbLEA3-5 87 4 10.22 / 9186.44 2–84 2 0 Chl -0.240 48.40 70.00
Sb07g022150 SbLEA3-6 102 7 9.16 / 11177.89 3–98 1 0 Chl -0.332 49.57 69.31
Sb09g018000 SbLEA3-7 79 9 4.90 / 8676.85 3–72 1 0 M -0.511 40.05 66.84
Sb01g036790 SbLEA4-1 352 1 6.96 / 37581.12 47–60 2 0 C-N -1.047 20.42� 52.44
Sb01g046000 SbLEA4-2 351 1 6.67 / 36503.19 225–328 2 1 Extr -0.906 28.75� 57.21
Sb03g032380 SbLEA4-3 216 3 8.92 / 22223.27 9–57 3 0 N -0.875 11.34� 43.84
Sb06g028110 SbLEA4-4 494 6 9.25 / 52617.82 217–256 5 0 M -0.769 31.46� 61.17
Sb09g027110 SbLEA4-5 214 9 8.48 / 22782.15 32–65 1 0 N -0.911 40.60 50.37
Sb09g016830 SbLEA5-1 281 9 8.19 / 31089.00 145–277 6 1 N -0.762 50.56 56.62
Sb02g028010 SbLEA6-1 117 2 6.28 / 12163.34 95–105 1 0 N-M -0.909 44.27 51.71
Sb01g008210 SbSMP-1 268 1 5.87 / 27668.87 23–267 2 0 C -0.373 44.51 80.56
Sb01g046490 SbSMP-2 283 1 4.77 / 27953.56 22–81 2 0 Chl -0.284 32.88� 68.94
Sb07g015410 SbSMP-3 175 7 4.94 / 17311.91 29–93 2 0 C -0.452 49.09 55.43
Sb03g027020 SbDHN-1 277 3 8.99 / 29881.14 81–277 3 0 N -0.972 49.39 47.62
Sb03g032255 SbDHN-2 188 3 5.37 / 19842.84 12–178 1 0 Chl -0.535 52.57 60.16
Sb03g037700 SbDHN-3 309 3 10.02 / 33162.74 141–279 1 1 N -0.210 59.30 76.63
Sb09g018420 SbDHN-4 152 9 8.81 / 15399.74 2–152 2 0 N -1.132 23.87� 32.71
Sb09g029860 SbDHN-5 310 9 9.25 / 34622.60 127–180 4 0 M -0.323 35.51� 76.81
Sb10g003700 SbDHN-6 388 10 8.50 / 37488.09 293–388 2 0 N -0.836 20.44� 29.05
(a. a.: amino acids, Chro.: Chromosome, pI: iso electric point; MW: Molecular weight, Chl: Chloroplast, C: cytoplasm, N: Nucleus
P: plastid, M: mitochondria, Extr: Extra cellular, GRAVY: Grand average of hydropathicity, �stable)
https://doi.org/10.1371/journal.pone.0209980.t001
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the targets for 15 different miRNAs. It appears that miRNAs target 18 genes in SbLEA-2
group, and 5 in SbLEA-3. While six miRNAs target LEA3-5, 3 of them target SbLEA2-35
group. Sbi-miR6225, sbi-miR437x, sbi-miR5568, and sbi-miR6220 appear as the most com-
mon miRNAs that target SbLEA genes and participate in cleavage and translation (S3 Table).
Promoter analysis of SbLEA genes
Promoter analysis revealed that SbLEA genes have potential cis-regulatory elements, which are
further divided into abiotic stress-responsive (DRE, DPBF, MYC, MYB, HSE, LTRE, GT1GM,
Cu responsive, Sp1, G-box, and I-box), hormone specific (ABRE, TCA, ERE, etc.), biotic
stress-responsive (WBox), development specific (pollen, endosperm specific) and guard cell
specific elements (CGCG). The Myb and Myc are the most conserved elements present in all
the genes. The salt-responsive elements were observed in SbLEA-2 family, whereas DRE, and
DPBF in all other families and very few of them in SbLEA-2. At least one heat shock element
(HSE) was identified in all the SbLEA families with an exception of dehydrins. ABA-responsive
elements (ABRE) and TCA are the most dominant elements present in the highest numbers in
all the families. Among all, SMP group exhibits the highest number of ABRE elements (S4
Table).
Fig 1. Chromosomal distribution of LEA genes in Sorghum. Duplications are illustrated by different colors (Segmental) and regional duplications are linked
with line.
https://doi.org/10.1371/journal.pone.0209980.g001
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Phylogenetic analysis of LEA family proteins
Phylogenetic analysis was carried out for 68 SbLEA proteins to analyse the evolutionary rela-
tionships within and between the groups (Fig 4). Different families of SbLEAs exhibit high sim-
ilarity and cluster into 2 major clades (Fig 4). A total of 23 SbLEA genes belonging to LEA-1,
LEA-3, LEA-4, SMP, and DHNs form a cluster in clade 1, while the other 45 members of
SbLEA-2 family appear in clade 2. Out of 6 SbDHNs, 4 form a cluster into clade 1 (SbDHN-1, 2,
4, and 6), and remaining 2 into clade 2 (SbDHN-3 and 5). The SbLEA1-1, 2, and 4 are grouped
Fig 2. Distribution of exons, introns, upstream and downstream regions in SbLEAs.
https://doi.org/10.1371/journal.pone.0209980.g002
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into clade 1, whereas SbLEA1-3 and 5 into clade 2. Among the 22, 4 regional paralogs were
noticed within SbLEAs. On the other hand, SbLEA2-11/13 on chromosome 2, SbLEA3-2/4 on
chromosome 3, SbSMP-1/2 on chromosome 1, and SbDHN-1/2 on chromosome 3, and 18
appear as segmental duplications (Figs 1 and 4). SbLEA-2, the most dominant group present in
Sorghum, shows 13 paralogs. SbLEA-3, 4, and DHNs show two paralogous events each, while
SbLEA-1 and SMP exhibit one event (Fig 4 and Table 2).
To know the evolutionary relationship and find ortholog pairs, another phylogenetic tree
was constructed with Arabidopsis and Oryza (Fig 5). In this, LEA proteins are grouped into 2
clades, while LEA-2 family of Sorghum, Oryza and Arabidopsis fall into clade 2, others into
clade 1. Thirty eight out of 68 from Sorghum, 9 out of 39 from rice, and 7 out of 51 from Arabi-
dopsis fall into clade 2, but SbLEA-2 family appears as the most dominant group. A total of 11
paralogs each are observed in Sorghum and Arabidopsis, but only 7 in Oryza. The SbLEA
shows 12 orthologs with Arabidopsis and 13 with Oryza. The Oryza and Arabidopsis share only
six orthologs among them (Fig 5 and S5 Table). From the InParanoid, the orthology analysis
of SbLEAs exhibits ortholog relationship with Setaria, Oryza, Hordeum and Brachypodium (S6
Table).
Estimation of non-synonymous and synonymous substitution rates of LEA
The non-synonymous (dN) versus synonymous (dS) substitutions (dN/dS) were estimated for
SbLEA genes which show duplication events within Sorghum as paralogs (Table 2). The
Fig 3. Conserved motif patterns of different SbLEA families. The scale represents the lengths of the proteins and motifs.
https://doi.org/10.1371/journal.pone.0209980.g003
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paralogous events, exhibit divergence substitution rates. While the number of synonymous
sites (S) ranges between 50.2 (SbLEA1-2/4) and 297 (SbLEA2-6/23), it ranges between 176.5
(SbLEA3-2/4) and 1017 (SbLEA2-6/23) in non-synonymous sites (N). In contrast, synonymous
Fig 4. Phylogenetic analysis of 68 SbLEAs. LEA gene families were classified based on their homology and are distinguished by different colors.
https://doi.org/10.1371/journal.pone.0209980.g004
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substitution rate (dS) ranges between 0.0441 (SbLEA4-3/5) and 81.9485 (SbSMP-1/2), and
non-synonymous (dN) between 1.0265 (SbSMP-1/2) and 17.1860 (SbLEA2-27/35) (Table 2).
Most of the paralogs dN/dS were found to be below<1 (Table 2). The paralogous synonymous
and non-synonymous substitution calculations were extended to orthologous LEA gene pairs
between Arabidopsis, Oryza and S. bicolor. Out of 25 orthologs, Sorghum shows 12 events with
Arabidopsis of which 4 duplications share same chromosomes (Sb01g046000/At1g72100 on
Table 2. Non-synonymous to synonymous substitution ratios of LEA paralogs.
SbLEA
Paralog
gene 1
Chromosome SbLEA
Paralog
gene 2
Chromosome No. of Non
-synonymous sites (N)
No. of Synonymous
sites (S)
Non -synonymous
substitution rate (dN)
Synonymous
substitution rate (dS)
dN/dS
SbLEA
1–2
7 SbLEA
1–4
10 258.8 50.2 15.4865 0.1826 89.7904
SbLEA
2–1
1 SbLEA
2–16
2 479.9 126.1 13.3661 11.6073 1.1515
SbLEA
2–2
1 SbLEA
2–10
2 760.6 193.4 3.4436 10.9315 0.3150
SbLEA
2–5
1 SbLEA
2–26
5 599.5 57.5 8.5711 59.1966 0.1448
SbLEA
2–6
1 SbLEA
2–23
4 1017.0 297.0 12.4076 15.0284 0.8256
SbLEA
2–7
1 SbLEA
2–25
4 448.6 136.4 13.2224 12.2685 1.0778
SbLEA
2–8
1 SbLEA
2–13
2 561.3 152.7 4.2488 19.0291 0.2233
SbLEA
2–11
2 SbLEA
2–17
2 904.8 241.2 7.8820 0.0796 99.0000
SbLEA
2–18
3 SbDHN-5 9 352.7 103.3 3.2717 7.5653 0.4325
SbLEA
2–20
3 SbLEA
2–39
9 709.7 61.3 7.0826 81.5697 0.0868
SbLEA2-
22
4 SbLEA2-
29
6 532.5 130.5 3.2778 6.4948 0.5047
SbLEA
2–27
5 SbLEA
2–35
8 692.1 225.9 17.1860 0.1736 99.0000
SbLEA
2–28
5 SbLEA
2–37
8 533.7 108.3 12.2443 16.7231 0.7322
SbLEA
2–32
6 SbLEA
2–34
7 569.0 64 2.3045 5.0625 0.4552
SbLEA
3–2
3 SbLEA
3–4
3 176.5 60.5 15.0063 7.1437 2.1006
SbLEA
3–5
4 SbLEA
3–6
7 209.5 51.5 1.8858 58.2069 0.0324
SbLEA
4–2
1 SbLEA
4–4
6 884.7 168.3 9.9716 28.9213 0.3448
SbLEA
4–3
3 SbLEA
4–5
9 505.7 136.3 4.3677 0.0441 99.0000
SbLEA
5–1
9 SbLEA
6–1
2 285.7 65.3 6.5686 0.0663 99.0000
SbSMP-1 1 SbSMP-2 1 685.0 119.0 1.0265 81.9485 0.0125
SbDHN-1 3 SbDHN-2 3 436.0 128.0 13.4524 11.4594 1.1739
SbDHN-4 9 SbDHN-6 10 362.1 93.9 2.9235 51.8799 0.0564
(dN / dS >1 = Positive or Darwinian Selection (Driving Change); dN/dS <1 = Purifying or Stabilizing Selection (Acting against change); dN/dS = 1 Neutral Selection )
https://doi.org/10.1371/journal.pone.0209980.t002
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chromosome 1; Sb02g028010/At2g41260 on chromosome 2; Sb03g012950/At3g50980 on
chromosome 3; and Sb04g023155/At4g15910 on chromosome 4). No such events were
observed in Oryza. Only 5 orthologs of Arabidopsis show dN/dS substitution ratios with 99.00.
Of the 13 ortholog pairs of Sorghum and Oryza exhibit dN/dS ratios, 5 events show 99, while
the remaining vary from 0.0273 to 21.2957 (S5 Table). The orthology analysis of SbLEAs with
Oryza, Setaria, Brachypodium and Hordeum shows that majority of them exhibit Darwinian
selection, and the dN/dS ratio is greater than 1 (S6 Table).
Fig 5. N-J phylogenetic tree showing the relationship between LEA proteins in Oryza, Arabidopsis and Sorghum.
https://doi.org/10.1371/journal.pone.0209980.g005
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Microarray-based gene expression profiling in different tissues and
different developmental stages under abiotic stress conditions
Of the 68 sorghum SbLEAs, microarray data for 65 SbLEA genes were available on the Gene-
vestigator platform, these were further utilized for expression analysis. Expression of these 65
SbLEA genes in six tissues (roots, pith, rind, internode, shoot, and leaf) was analyzed under
normal and abiotic stress conditions using microarray data (Fig 6A). The expression level was
higher in root, pith and in the leaf tissues.
The expression profiles of SbLEAs genes were analyzed at five different development stages,
including stem elongation, booting, flowering, dough, and seedling. SbLEA genes were found
expressed in all developmental stages (either up-regulated or down-regulated) (Fig 6B). How-
ever, the expression of SbLEA genes in the booting and flowering stages demonstrated a
slightly different pattern, particularly SbLEA-2 members displayed the dominant expression
profile compared to other developmental stages. High expression of SbLEA genes during boot-
ing and flowering stages might have been caused by booting-related cellular deteriorations,
leading to substantial metabolic or physiological changes that significantly affect the overall
regulation under abiotic stresses.
Hierarchical clustering based on the above expression profiles of individual SbLEA genes
under various abiotic stress conditions allowed grouping of the 65 SbLEA genes into two
major clusters. One of these clusters contained the only SbLEA2-22 gene which shows very
high up-regulation under different stress conditions. The remaining SbLEA genes were distrib-
uted among other sub-clusters of the second major cluster (Fig 6C). The heat map of different
SbLEA genes following abiotic stresses showed significantly altered expression (either up-regu-
lation or down-regulation) up to 2.5-folds (Fig 2). Members of the SbLEA-2 (SbLEA2-22,
SbLEA2-24, SbLEA2-32, SbLEA2-33, and SbLEA2-37) were up-regulated under stress condi-
tions. Similarly, SbLEA3-1 and SbLEA3-2 members were up-regulated under salt, cold, and
drought stresses.
Quantitative expression analysis of SbLEAs
To investigate the differential gene expressions in vegetative tissues of Sorghum, a systematic
analysis of quantitative real-time (qRT)—PCR was carried out for a group of 23 SbLEA genes.
qRT-PCR expression analysis of 23 SbLEA genes in different tissues under drought, salt, heat,
and cold stresses reveals their comprehensive roles in stress tolerance mechanism, as well as in
growth and development. The differential expression patterns in roots, stems, and leaves are
shown in the Figs 7 and 8A. Most of the LEA genes exhibit the highest expression levels in
stem tissues (SbLEA1-5, 2–9, 2–13, 2–18, 2–37, 3–7, and 4–1) (Fig 8A). Compared to leaf and
stems, root tissues show lower expression values under the stress conditions. The SbLEA3-2
show the highest expression levels in leaf tissues under salt (82-folds), cold (434-folds), and
drought stresses (52-folds), and in stem under salt stress (445-folds). On the other hand,
SbLEA2-23 show several-folds increase in leaf tissues under drought (191.78-folds), and cold
(340.93-folds), whereas in roots under heat stress (369.64-folds). Surprisingly, members of
SbLEA-2 (the major family) display high expression under all stresses in leaves compared to
other tissues, the SbLEA2-37 exhibit 48.95-folds in drought-exposed and 99.27-folds in cold-
treated leaves. Expression of LEA1-5 in roots is better under drought stress (11.28-folds), and
in stems under cold stress (15.06-folds). The LEA-4 family members exhibit the highest expres-
sion in stems under stress compared to other tissues; the LEA4-3 exhibits the highest expres-
sion in stems under cold stress (39.4-folds). Interestingly under heat stress, expression of
majority of the SbLEAs was high in roots, the SbLEA1-2 exhibits 14.22-folds, SbLEA2-9
28.24-folds, SbLEA2-23 369.64-folds, SbLEA2-37 111.43-folds, and SbLEA3-2 133.43-folds.
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Expression of SMP-2 is high in root tissues under drought (16.99-folds) and cold (10.85-folds)
stresses, but the leaf tissues display high activity (11.65-folds) under salt stress (Figs 7 and 8B
and S7 Table).
Discussion
Genome-wide analysis of Sorghum bicolor for LEA genes reveals 68 SbLEAs that belong to 8
families. Similar studies in other plant species showed different number of LEAs; 23 in
Fig 6. Digital expression analysis of SbLEA genes a) in different tissues; b) in various developmental stages; c) under diverse abiotic stress conditions. Colour scale
represents % expression, down and upregulation.
https://doi.org/10.1371/journal.pone.0209980.g006
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Phyllostachys [62], 27 in tomato [26], 29 in potato [25], 30 in Prunus [24], 32 in maize [63], 34
in rice [23], 36 in soybean [64], 51 in Arabidopsis [7], 53 in poplar [21], 61 in Cucumis melo
(melon) and 73 in Citrullus lanatus (water melon) [65], 72 in sweet orange [66], 79 in cucum-
ber [67], 108 in Brassica [20], 136 in Gossypium arboreum, 142 in G. raimondii, and 242 in G.
hirsutum [68]. It is puzzling to note that the number of LEA genes is very large, abundant and
diversely distributed across different taxa. The abundance perhaps indicates their conservative
role under abiotic stress conditions as well as during growth and development. It is interesting
to observe that aquatic plants have less number of LEAs because they do not suffer from
drought stress. Thus, the present and previous research findings are consistent with the results
of Kamisugi and Cuming [69] regarding the wider distribution and function of LEA proteins
in terrestrial plants. Generally, the LEA families with close taxonomic relationships exhibit the
same number and distribution of genes. However, the number of the LEA genes varies in Sor-
ghum, maize, and rice. This occurrence may be due to the evolutionary variations of the whole
Fig 7. The relative expression values of SbLEA genes in roots, stems and leaf tissues under drought, salt, heat and cold stress.
Error bars indicate ± SD. � indicate significant differences calculated by t-test (�P� 0.05).
https://doi.org/10.1371/journal.pone.0209980.g007
Fig 8. qRT-PCR expression patterns of SbLEAs a) tissue specific expression of SbLEAs in roots, stems, and leaf tissues; b) transcriptional expression analysis of
SbLEA genes in roots, stems, and leaf tissues under drought, salt, heat and cold stresses. (DR: Drought Root, DS: Drought Stem, DL: Drought Leaf, SR: Salt Root, SS:
Salt Stem, SL: Salt Leaf, HR: Heat Root, HS: Heat Stem, HL: Heat Leaf, CR: Cold Root, CS: Cold Stem, CL: Cold Leaf). The expression represents log2 values.
https://doi.org/10.1371/journal.pone.0209980.g008
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genomes and wide changes in the environment. Comparison of SbLEAs with rice and maize
show divergence signals which are associated with selected traits and are functionally stress-
responsive. This indicates that stress adaptation in maize is possible by evolution of protein
coding sequences [70]. The divergence of LEA families in Zea and Oryza occurred due to evo-
lutionary changes, the large number of LEA genes and evolution of LEA-2 family members
may be meant for adaptation of Sorghum to stress conditions. The LEA family proteins are fur-
ther classified into 8 subfamilies among all the crops based on their conserved domain and
phylogenetic tree analysis. But, Arabidopsis holds an extra subgroup named as AtM [7]. In Sor-
ghum, the most dominating LEA-2 family has the highest number of genes (58.8%), but dicots
such as Arabidopsis (codes for 35%), Populus (49%) and Brassica (23%) are rich in LEA-4
members [7, 20, 21]. Similarly, DHNs and SMP groups also show variations among monocots
and dicots. Arabidopsis consists of 10 DHNs, and 6 SMPs [7], Oryza 8 DHNs, 5 SMPs [23],
Brassica 23 DHNs, 16 SMPs [20], and Sorghum 6 DHNs [71], and 3 SMP genes. The expansion
of gene family depends on segmental, tandem duplications, and transposition events [72]. In
the present study, 22 paralogs were observed including 4 regional duplications, and 13 paralo-
gous pairs (SbLEA-2 family) with segmental duplication events. This indicates that segmental
and tandem duplications are responsible for SbLEA gene family expansion [20, 26]. Lan et al.
[21] pointed out that stress-responsive genes generally contain very less number of introns. In
the present study, 45.58% of LEA genes lack introns (especially 55% of genes in the major
SbLEA-2 group) and 27.94% hold one intron. Similar results were recorded in Brassica [20].
This supports the earlier view that introns delay the gene expression and extend the transcript
length, which results in an additional burden on the process of transcription [73].
Filiz et al. [22] and Altunoglu et al. [62] pointed out that LEA4, LEA5, and LEA6 group pro-
teins are acidic while most of the LEA proteins are basic in nature. Present study shows that
73.52% are basic in nature, but 85% of proteins from SbLEA-2 are basic thus corroborating the
earlier findings. In contrast, SMPs are found to be acidic in nature which is in agreement with
the findings of Liang et al. [20] in Brassica. The grand average of hydropathy values of SbLEA
proteins are highly hydrophilic, except SbLEA-2 family. Previous studies report only one or
two proteins with hydrophobicity [7, 20], while 85% of SbLEA-2 group proteins are hydropho-
bic, similar to cotton LEA2 members [68]. Hydrophilic nature and high net charge are the
characteristic features of LEAs [74], which makes them disordered, and act like molecular
chaperones under stress in plants [75].
Instability index shows majority of the SbLEA proteins are stable like that of SiLEAs as
noticed by Cao and Li [26]. LEA proteins are not transmembrane proteins [76] and are located
in mitochondria, chloroplasts, nucleus, and cytoplasm. Contrarily, SbLEA-2 family members
exhibit transmembrane helices, which are hydrophobic in nature. Detection of transmem-
brane helices in proteins indicate their expression in subcellular compartments. SbLEA-2
shows high aliphatic index inferring the relative volume occupied by aliphatic side chains like
alanine, valine, isoleucine and leucine, which enhance the thermostability of proteins [77].
Majority of the SbLEA-2 family members are localized in chloroplasts, like in cotton [68]. The
wide distribution within subcellular compartments leads to interaction with cellular mem-
branes under stress and establish protective mechanism for stress tolerance [15].
Generally, the diversity of structure and conserved motifs cause the evolution of multigene
families [78]. It is the amino acid composition that causes disordered structure in LEAs [79].
Our analysis revealed that SbLEA proteins show group-specific conserved motifs. Identical
results were reported earlier for LEA proteins in Arabidopsis [7], Prunus [24], poplar [21],
Solanum [26], maize [63], Brassica [20], and cotton [68]. Specific conserved motifs and their
number indicate that they are evolved from the gene expansion within their specific families,
and the motif compositions vary from one family to the other. While glycine-rich regions are
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noticed in AtLEA-2, other LEA members are rich in lysine [7]. But, conserved motifs in
SbLEA-2 family are rich with cystine and lysine in contrast to hydrophilins that lack trypto-
phan and cysteine [80]. The intrinsically disordered proteins which are small in size play sev-
eral important roles in cells that help in structural flexibility, binding of DNA, RNA, proteins,
macro molecules, and membrane proteins to protect and maintain the cellular stability under
stress [75, 81, 34]. Phosphorylation helps LEA and dehydrin proteins in binding to calcium,
iron and other divalent cations [82, 83]. Phosphorylation of YnSKn type DHNs by PKCs, and
SKn DHNs by CK2s, maintains the activity of DHNs conferring tolerance to stress. Eriksson
and Harryson [84] and Nagaraju et al. [71] pointed out that such phosphorylation enhances
the membrane binding activity of DHNs.
Micro RNAs (miRNAs) are the large group of small, noncoding regulatory elements, which
play pivotal roles in gene regulation by disturbing the transcripts of genes and mediate the
plants adaptation under abiotic stress [85–87]. For example, expression of rice miR319a in
creeping bent grass confers tolerance against salt and drought stresses [88]. Also, salt stress
alters the expression of miR396c and miR394 [89]. Sb-miR437, found in majority of SbLEA
genes has also been identified earlier in Oryza, maize, and sugarcane but absent in Arabidopsis
and Populus. This suggests that miR437 is monocot specific [90]. Sorghum miRNAs may target
transcription factors like SPB, zinc finger, WRKY, WD-40, NAC, MYB, HSFs, GRAS, ARFs,
and bHLH families [91], which play important roles in growth, development, metabolism,
biotic and abiotic stresses [92–94].
Present study identifies several abiotic stress-responsive elements, hormone specific, devel-
opment specific, and biotic stress-responsive elements, as also noticed in other crop plants [26,
68]. The cis-elements responsive to phytohormones increase the plants potentiality to survive
under environmental changes. It is known that ABRE play an important role in ABA signalling
and abiotic stress tolerance. Similarly, DRE/CRT/LTRE (drought responsive/C-repeat/low
temperature-responsive) elements enhance the drought, cold and salt-responsive gene expres-
sion, by controlling transcription factors like CBF/DREB1 [95, 96]. Multiple CGCG cis-ele-
ments present in all the SbLEAs bind to calmodulin/Ca2+ and are responsible for eliciting
multiple signaling pathways [97]. SbLEAs also contain biotic stress-responsive cis-elements;
WBOXNTERF3, WBOXATNPR1, and CGTCA that respond to wounds, pathogens and sali-
cylic acid [98, 99]. GT1GMSCAM4 cis-elements, rich in GAAAAA, were detected, and play a
crucial role in salt and pathogen-induced gene expression and tolerance [100]. The MYB cis-
acting promoter elements identified in the present study play a key role in the abscisic acid-
dependent signaling pathway in response to drought, salt, and cold as pointed out by Li et al.
[101]. Identification of wide range of cis-elements in the Sorghum paralogous gene promoter
regions perhaps indicate the variation in expression between paralogous duplicated genes,
neo-functionalization or sub-functionalization, which is an important evolutionary mecha-
nism [102]. The presence of these cis-elements in SbLEA genes represent that they play impor-
tant roles in different stresses.
Based on the phylogenetic analysis, SbLEA genes were classified into 8 groups, similar to
other plants [7, 20, 68]. While SbLEA2 is the largest group, SbLEA5 and 6 represent fewer
genes, consistent with Arabidopsis [7]. Interestingly, LEA6 group is absent in rice [23]. The
present study revealed 25 ortholog gene relationships with Arabidopsis and Oryza. Generally,
Sorghum exhibits relationship with Oryza, being the common monocot ancestor, but the pres-
ent study reveals that S. bicolor LEA proteins are phylogenetically close to Arabidopsis also.
The phylogenetic tree depicts common evolutionary origin of LEA-1, 3, 4, 5, 6, and SMP [6],
which is consistent with potato and cotton [25, 68]. Genome-wide analysis in few plants
reveals the differences among LEAs in monocots and dicots. In dicots, LEA4 and DHNs are
the most abundant [7, 20, 26], but analysis of Sorghum reveals LEA2 is a big, atypical,
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hydrophobic group. A recent study in rice and poplar reports higher number [66]. The phylo-
genetic analysis reveals that whole genome duplication contributes to expansion of SbLEA
family. Indeed, rice (monocot ancestor) genome contains 34 LEA genes [23], and the whole
genome duplication event is expected to generate 68 genes as seen in Sorghum. Similar results
were observed in Arabidopsis, Brassica, and cotton also. Out of a total of 22 paralogous dupli-
cation events, 1 segmental and 4 tandem duplications are observed in Sorghum. As pointed out
by Salih et al. [103], the abundance of LEA proteins mainly occur through segmental duplica-
tion events during evolution, similar to Arabidopsis, Brassica, and cotton. It is known that the
synonymous (dS) and nonsynonymous (dN) values reveal the selective pressure on SbLEA
duplicated genes. While greater than 1 dN/dS value indicates positive selection, less than 1
functional constraint, and equal to 1 neutral selection [104]. The dN/dS ratio analysis of SbLEA
22 paralogous pairs reveal that only 11 events had ratios of which one shows more than 1, and
remaining very low values, similar to Brassica [20], melon [65], and cotton [68]. This infers
that during evolution, the purifying selection influences the SbLEA genes and specifically
LEA2 shows conserved structures and functions under selective pressure [105].
Gene expression analysis provides new insights into their function [106, 107]. Microarray
data from the databases show high expression of SbLEA genes in different tissues. This indi-
cates that abiotic stresses and/or high metabolic activity generally lead to up-regulation of
SbLEA genes in different tissues in a tissue-specific manner. These results agree with the results
of quantitative real-time expression analysis carried out for a set of SbLEA genes in the present
study. SbLEA gene expressions in different tissues exhibit variations, which reveal their role
during growth and development. Both SlLEA9 and SlLEA23 show high expression levels in
tomato flower buds, suggesting their roles in reproductive development [26]. The At5g27980
regulates pollen germination and tube growth due to its abundant expression in the mature
pollen [108, 109]. Expression of ZmLEA3 group in root, stem, and leaf tissues also suggests
their role in growth and development [63]. Present study shows abundant expression of LEA2
group genes in vegetative tissues, akin to cotton LEAs [68]. Majority of the SbLEAs are
expressed in leaf tissues, consistent with the observations of Liang et al. [20] in Brassica. Native
expression of paralogous genes in different tissues implies distinct divergence and evolution of
duplicated genes for different functions during plant growth and development. SbLEA genes
expression was further assessed under drought, salt, heat, and cold in different tissues, which
gives new insights into their critical roles under abiotic stress conditions. These results show
significant changes in expression levels under diverse stresses implying their association with
stress tolerance. They act as molecular chaperones, protect, stabilize, prevent aggregation and
denaturation of proteins under stress conditions [110]. Among different tissues, roots are first
affected under many abiotic stresses [111], followed by leaves. Leaves wilt or become chlorotic
and lead to disruption of photosynthesis and yield losses [112]. The paralogs also show expres-
sion variations similar to previous studies by Du et al. [24]. Expression of ZmLEA3 at the tran-
scriptional level was reported under biotic and abiotic stresses and its over-expression in
tobacco exhibit tolerance against osmotic and oxidative stresses by participating in protein
protection mechanism and by binding to metal ions [36]. Similarly, SbLEA3-2 upregulates in
leaf tissues under all stresses, acting as regulatory gene that participates in stress tolerance
mechanism. SbLEA1-5, SMP-1, SMP-2, LEA3-2, LEA4-3, and many members of the SbLEA-2
group upregulate in stem under heat, drought, and salt stresses. Over expression of SiLEA14
enhances abiotic stress tolerance in foxtail millet [113]. While overexpression of tomato
LEA25 enhances salt and chilling stress tolerance in yeast [29], NtLEA7-3 displays tolerance
against cold, drought, and salt stresses in Arabidopsis [28]. The Brassica BnLEA4-1 expressed
in E. coli exhibits tolerance to temperature and salt stresses [32]. The SbLEA-2 family members,
a typical hydrophobic proteins, upregulate under different stresses, and the results are
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consistent with that of cotton which show high expression under drought stress [68]. The Med-
icago MtPM25, a hydrophobic protein participates in disaggregation of proteins under stress,
but unable to protect membranes [114]. Thus, the abundant presence of LEA-2 genes under
stress conditions indicates that they act as key factors in plant adaptation mechanism under
diverse environmental stresses.
Conclusion
A systematic genome-wide analysis resulted in the identification of a total of 68 LEA genes in
Sorghum, which are classified into 8 groups and distributed on all the chromosomes. For the
first time in monocots, a typical hydrophobic group SbLEA2 is identified with large number of
genes like that of dicots. Present study helps in understanding the evolution and functions of an
important major family SbLEA2 by functional analysis. It appears that segmental and whole
genome duplication plays an important role in their expansion. The gene organization and
motif compositions of the LEAs are highly conserved which indicate their conserved functional
roles. Alongside the abiotic stress-responsive elements, hormone specific, developmental, biotic
and other cis-elements were identified, indicating their complex regulatory mechanism. Fur-
ther, the diversified and tissue specific expression profiles provide a further insight into the pos-
sible functional divergence in SbLEA gene family. The transcriptional profiling under abiotic
stress indicates they might play an essential role in stress tolerance. Taken together, present
study lays the foundation for further investigations of the specific functions of these Sorghum
LEA genes, especially LEA2 family, in other monocots with reference to abiotic stress tolerance.
Supporting information
S1 Fig. MEME identified motif sequences of LEA proteins in Sorghum.
(TIFF)
S2 Fig. Motif distribution of LEA proteins in Sorghum.
(TIFF)
S3 Fig. Web logos of SbLEA proteins conserved motifs.
(TIFF)
S1 Table. SbLEA gene primers used in the gene expression analysis.
(DOCX)
S2 Table. Types of protein kinases in the phosphorylation of SbLEAs.
(DOCX)
S3 Table. miRNAs targets SbLEA genes.
(DOCX)
S4 Table. Conserved cis-acting elements in LEA promoters of Sorghum.
(DOCX)
S5 Table. Non-synonymous to synonymous substitution ratios of LEA orthologs.
(DOCX)
S6 Table. dN/dS ratios of SbLEA orthologs between Sorghum, Setaria, Oryza, Brachypodium
and Hordeum.
(DOCX)
S7 Table. Native and relative expression analysis of SbLEAs.
(DOCX)
Characterization of LEA genes under abiotic stress in Sorghum
PLOS ONE | https://doi.org/10.1371/journal.pone.0209980 January 16, 2019 21 / 27
Acknowledgments
MN is thankful to the UGC, New Delhi, for providing fellowship. PBK is thankful to the CSIR,
New Delhi, for providing CSIR-Emeritus Scientist Fellowship.
Author Contributions
Conceptualization: D. Manohar Rao, P. B. Kavi Kishor.
Data curation: M. Nagaraju, Anuj Kumar.
Formal analysis: M. Nagaraju, S. Anil Kumar, Palakolanu Sudhakar Reddy, Anuj Kumar, D.
Manohar Rao, P. B. Kavi Kishor.
Investigation: M. Nagaraju, S. Anil Kumar.
Methodology: M. Nagaraju, S. Anil Kumar.
Project administration: P. B. Kavi Kishor.
Resources: D. Manohar Rao, P. B. Kavi Kishor.
Software: M. Nagaraju, Palakolanu Sudhakar Reddy, Anuj Kumar.
Supervision: D. Manohar Rao, P. B. Kavi Kishor.
Visualization: M. Nagaraju, S. Anil Kumar, Palakolanu Sudhakar Reddy.
Writing – original draft: M. Nagaraju, Palakolanu Sudhakar Reddy, D. Manohar Rao, P. B.
Kavi Kishor.
Writing – review & editing: M. Nagaraju, P. B. Kavi Kishor.
References
1. Ahuja I, de Vos RCH, Bones AM, Hall RD. Plant molecular stress responses face climate change.
Trends Plant Sci. 2010; 15: 664–674. https://doi.org/10.1016/j.tplants.2010.08.002 PMID: 20846898
2. Cramer GR, Urano K, Delrot S, Pezzotti M, Shinozaki K. Effects of abiotic stress on plants: a systems
biology perspective. BMC Plant Biology. 2011; 11: 163. https://doi.org/10.1186/1471-2229-11-163
PMID: 22094046
3. Xiong L, Zhu JK. Molecular and genetic aspects of plant responses to osmotic stress. Plant Cell Envi-
ron. 2002; 25: 131–139. https://doi.org/10.1046/j.1365-3040.2002.00782.x PMID: 11841658
4. Hong-Bo S, Zong-Suo L, Ming-An S. LEA proteins in higher plants: structure, function, gene expres-
sion and regulation. Colloids Surfaces B Bio interfaces. 2005; 45: 131–135. https://doi.org/10.1016/j.
colsurfb.2005.07.017 PMID: 16199145
5. Dure L, Greenway SC, Galau GA. Developmental biochemistry of cotton seed embryogenesis and
germination: changing messenger ribonucleic acid populations as shown by in vitro and in vivo protein
synthesis. Biochem. 1981; 20: 4162–4168.
6. Bies-Etheve N, Gaubier-Comella P, Debures A, Lasserre E, Jobet E, Raynal M, et al. Inventory, evolu-
tion and expression profiling diversity of the LEA (late embryogenesis abundant) protein gene family in
Arabidopsis thaliana. Plant Mol Biol. 2008; 67: 107–124. https://doi.org/10.1007/s11103-008-9304-x
PMID: 18265943
7. Hundertmark M, Hincha DK. LEA (late embryogenesis abundant) proteins and their encoding genes in
Arabidopsis thaliana. BMC Genomics. 2008; 9: 118. https://doi.org/10.1186/1471-2164-9-118 PMID:
18318901
8. Shao HB, Liang ZS, Shao MA. LEA proteins in higher plants: structure, function, gene expression and
regulation. Colloids Surfaces B: Bio interfaces. 2005; 45: 131–135.
9. Tunnacliffe A, Wise MJ. The continuing conundrum of the LEA proteins. Naturwissenschaften. 2007;
94: 791–812. https://doi.org/10.1007/s00114-007-0254-y PMID: 17479232
10. Finn RD, Mistry J, Tate J, Coggill P, Heger A, Pollington JE, et al. The Pfam protein families database.
Nucleic Acids Res. 2010; 38 Database Issue: (D211–D222). https://doi.org/10.1093/nar/gkp985
PMID: 19920124
Characterization of LEA genes under abiotic stress in Sorghum
PLOS ONE | https://doi.org/10.1371/journal.pone.0209980 January 16, 2019 22 / 27
11. Dure L. A repeating 11-mer amino acid motif and plant desiccation. Plant J. 1993; 3: 363–369. PMID:
8220448
12. Zhang LS, Zhao WM. LEA protein functions to tolerance drought of the plant. Plant Physiol Comm.
2003; 39: 61–66.
13. Espelund M, Saeboe-Larssen S, Hughes DW, Galau GA, Larsen F, Jakobsen KS. Late embryogene-
sis-abundant genes encoding proteins with different numbers of hydrophilic repeats are regulated dif-
ferentially by abscisic acid and osmotic stress. Plant J. 1992; 2: 241–252. PMID: 1302052
14. Maskin L, Frankel N, Gudesblat G, Demergasso MJ, Pietrasanta LI, Iusem ND. Dimerization and
DNA-binding of ASR1, a small hydrophilic protein abundant in plant tissues suffering from water loss.
Biochem Biophys Res Com. 2007; 352: 831–835. https://doi.org/10.1016/j.bbrc.2006.11.115 PMID:
17157822
15. Candat A, Paszkiewicz G, Neveu M, Gautier R, Logan DC, Avelange-Macherel MH, et al. The ubiqui-
tous distribution of late embryogenesis abundant proteins across cell compartments in Arabidopsis
offers tailored protection against abiotic stress. Plant Cell. 2014; 26: 3148–3166. https://doi.org/10.
1105/tpc.114.127316 PMID: 25005920
16. Grelet J, Benamar A, Teyssier E, Avelange-Macherel MH, Grunwald D, Macherel D. Identification in
pea seed mitochondria of a late-embryogenesis abundant protein able to protect enzymes from drying.
Plant Physiol. 2005; 137: 157–167. https://doi.org/10.1104/pp.104.052480 PMID: 15618423
17. Hara M, Shinoda Y, Tanaka Y, Kuboi T. DNA binding of citrus dehydrin promoted by zinc ion. Plant
Cell Environ. 2009; 32: 532–541. https://doi.org/10.1111/j.1365-3040.2009.01947.x PMID: 19183287
18. Hara M, Fujinaga M, Kuboi T. Metal binding by citrus dehydrin with histidine-rich domains. J Exp Bot.
2005; 56: 2695–2703. https://doi.org/10.1093/jxb/eri262 PMID: 16131509
19. Hincha DK, Thalhammer A. LEA proteins: IDPs with versatile functions in cellular dehydration toler-
ance. Biochem Soc Trans. 2012; 40: 1000–1003. https://doi.org/10.1042/BST20120109 PMID:
22988854
20. Liang Y, Ziyi X, Jianxiao Z, Dongyang X, Zeyang Z, Jun X, et al. Genome-wide identification, structural
analysis and new insights into late embryogenesis abundant (LEA) gene family formation pattern in
Brassica napus. Sci Rep. 2016; 6: 24265. https://doi.org/10.1038/srep24265 PMID: 27072743
21. Lan T, Gao J, Zeng QY. Genome-wide analysis of the LEA (late embryogenesis abundant) protein
gene family in Populus trichocarpa. Tree Genet Genomes. 2013; 9: 253–264.
22. Filiz E, Ibrahim IO, Huseyin T, Ibrahim K. In silico comparative analysis of LEA (Late Embryogenesis
Abundant) proteins in Brachypodium distachyon L. Plant Omics. 2013; 6: 433–440.
23. Wang X, Zhu H, Jin G, Liu H, Wu W, Zhu J. Genome-scale identification and analysis of LEA genes in
rice (Oryza sativa L.). Plant Sci. 2007; 172: 414–420.
24. Du D, Zhang Q, Cheng T, Pan H, Yang W, Sun L. Genome-wide identification and analysis of late
embryogenesis abundant (LEA) genes in Prunus mume. Mol Biol Rep. 2013; 40: 1937–1946. https://
doi.org/10.1007/s11033-012-2250-3 PMID: 23086279
25. Charfeddine S, Sadi MN, Charfeddine M, Gargouri-Bouzid R. Genome wide identification and expres-
sion profiling of the late embryogenesis abundant genes in potato with emphasis on dehydrins. Mol
Biol Rep. 2015; 42: 1163–1174. https://doi.org/10.1007/s11033-015-3853-2 PMID: 25638043
26. Cao J, Li X. Identification and phylogenetic analysis of late embryogenesis abundant proteins family in
tomato (Solanum lycopersicum). Planta. 2015; 241: 757–772. https://doi.org/10.1007/s00425-014-
2215-y PMID: 25491641
27. Leprince O, Buitink J. Desiccation tolerance: from genomics to the field. Plant Sci. 2010; 179: 554–
564.
28. Gai YP, Ji XL, Lu W, Han XJ, Yang GD, Zheng CC. A novel late embryogenesis abundant like protein
associated with chilling stress in Nicotiana tabacum cv. bright yellow-2 cell suspension culture. Mol
Cel Proteom. 2011; mcp-M111.
29. Imai R, Chang L, Ohta A, Bray EA, Takagi M. A lea-class gene of tomato confers salt and freezing tol-
erance when expressed in Saccharomyces cerevisiae. Gene. 1996; 170: 243–248. https://doi.org/10.
1016/0378-1119(95)00868-3 PMID: 8666253
30. Xu D, Duan X, Wang B, Hong B, Ho T, Wu R. Expression of a late embryogenesis abundant protein
gene, HVA1, from barley confers tolerance to water deficit and salt stress in transgenic rice. Plant Phy-
siol. 1996; 110: 249–257. https://doi.org/10.1104/pp.110.1.249 PMID: 12226181
31. Sivamani E, Bahieldin A, Wraith JM, Al-Niemi T, Dyer WE, Ho TD, et al. Improved biomass productivity
and water use efficiency under water deficit conditions in transgenic wheat constitutively expressing
the barley HVA1 gene. Plant Sci. 2000; 155: 1–9. https://doi.org/10.1016/S0168-9452(99)00247-2
PMID: 10773334
Characterization of LEA genes under abiotic stress in Sorghum
PLOS ONE | https://doi.org/10.1371/journal.pone.0209980 January 16, 2019 23 / 27
32. Dalal M, Tayal D, Chinnusamy V, Bansal KC. Abiotic stress and ABA-inducible group 4 LEA from Bras-
sica napus plays a key role in salt and drought tolerance. J Biotechnol. 2009; 139: 137–145. https://
doi.org/10.1016/j.jbiotec.2008.09.014 PMID: 19014980
33. Liu G, Xu H, Zhang L, Zheng Y. Fe binding properties of two soybean (Glycine max L.) LEA4 proteins
associated with antioxidant activity. Plant Cell Physiol. 2011; 52: 994–1002. https://doi.org/10.1093/
pcp/pcr052 PMID: 21531760
34. Olvera-Carrillo Y, Campos F, Reyes JL, Garciarrubio A, Covarrubias AA. Functional analysis of the
group 4 late embryogenesis abundant proteins reveals their relevance in the adaptive response during
water deficit in Arabidopsis. Plant Physiol. 2010; 154: 373–390. https://doi.org/10.1104/pp.110.
158964 PMID: 20668063
35. Hanin M, Brini F, Ebel C, Toda Y, Takeda S, Masmoudi K. Plant dehydrins and stress tolerance. Plant
Sign Behav. 2011; 6: 1503–1509.
36. Liu Y, Wang L, Xing X, Sun L, Pan J, Kong X, et al. ZmLEA3, a multifunctional group 3 LEA protein
from maize (Zea mays L.), is involved in biotic and abiotic stresses. Plant Cell Physiol. 2013; 54: 944–
959. https://doi.org/10.1093/pcp/pct047 PMID: 23543751
37. Yu JN, Zhang JS, Shan L, Chen SY. Two new group 3 LEA genes of wheat and their functional analy-
sis in yeast. J Integr Plant Biol. 2005; 47: 1372–1381.
38. Lin CH, Peng PH, Ko CY, Markhart AH, Lin TY. Characterization of a novel Y2K-type dehydrin VrDhn1
from Vigna radiata. Plant Cell Physiol. 2012; 53: 930–942. https://doi.org/10.1093/pcp/pcs040 PMID:
22440330
39. Steduto P, Katerji N, Puertos-Molina H, Unlu MN, Rana MG. Water-use efficiency of sweet sorghum
under water stress conditions. Field Crop Res. 1997; 54: 221–234.
40. Almodares A, Hadi MR, Dosti B. The effects of salt stress on growth parameters and carbohydrates
contents in sweet sorghum. Res J Environ Sci. 2008a; 2: 298–304.
41. Almodares A, Hadi MR, Ahmadpour H. Sorghum stem yield and soluble carbohydrates under phono-
logical stages and salinity levels. Afr J Biotech. 2008b; 7: 4051–4055.
42. Promkhambut A, Younger A, Polthanee A, Akkasaeng C. Morphological and physiological responses
of sorghum (Sorghum bicolor L. Moench) to waterlogging. Asian J Plant Sci. 2010; 9: 183–193.
43. Letunic I, Copley RR, Schmidt S, Ciccarelli FD, Doerks T, Schultz J, et al. SMART 4.0: towards geno-
mic data integration. Nucleic Acids Res. 2004; 32D: 142–144.
44. Guo AY, Zhu QH, Chen X, Luo JC, Chuan YI. GSDS: a gene structure display server. Yi Chuan. 2007;
29: 1023–1026. PMID: 17681935
45. Gasteiger E, Hoogland C, Gattiker A, Duvaud S, Wilkins MR, Appel RD, et al. Protein Identification
and Analysis Tools on the ExPASy Server. In: Walker John M. (ed): The Proteomics Protocols Hand-
book, Humana Press, 2005; pp. 571–607.
46. Blom N, Sicheritz-Ponten T, Gupta R, Gammeltoft S, Brunak S. Prediction of post translational glyco-
sylation and phosphorylation of proteins from the amino acid sequence. Proteomics. 2004; 4: 1633–
1649. https://doi.org/10.1002/pmic.200300771 PMID: 15174133
47. Horton P, Keun-Joon P, Takeshi O, Naoya F, Harada CJH, Adams C, et al. WoLF PSORT: protein
localization predictor. Nucleic Acids Res. 2007; (Web Server Issue) 35: W585–W587. https://doi.org/
10.1093/nar/gkm259 PMID: 17517783
48. Moller S, Croning MDR, Apweller R. Evaluation of methods for the prediction of membrane spanning
regions. Bioinformatics. 2001; 17: 646–653. PMID: 11448883
49. Bailey TL, Williams N, Misleh C, Li WW. MEME: discovering and analyzing DNA and protein sequence
motifs. Nucleic Acids Res. 2006; 34 (suppl. 2), W369–W373.
50. Dai X, Zhao PX. psRNATarget: a plant small RNA target analysis server. Nucleic Acids Res. 2011;
39: 155–159. https://doi.org/10.1093/nar/gkq766
51. Higo K, Ugawa Y, Iwamoto M, Korenaga T. Plant cis-acting regulatory DNA elements (PLACE) data-
base. Nucleic Acids Res. 1999; 27: 297–300. PMID: 9847208
52. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular evolutionary genetics anal-
ysis version 6.0. Mol Biol Evol. 2013; 30: 2725–2729. https://doi.org/10.1093/molbev/mst197 PMID:
24132122
53. Sonhammer L, and Ostlund G. InParanoid 8: orthology analysis between 273 proteomes, mostly eukary-
otic. Nucleic Acids Res. 2015; D234–D239. https://doi.org/10.1093/nar/gku1203 PMID: 25429972
54. Suyama M, Torrents D, Bork P. PAL2NAL: robust conversion of protein sequence alignments into the
corresponding codon alignments. Nucleic Acids Res. 2006; 34: W609–W612. https://doi.org/10.1093/
nar/gkl315 PMID: 16845082
Characterization of LEA genes under abiotic stress in Sorghum
PLOS ONE | https://doi.org/10.1371/journal.pone.0209980 January 16, 2019 24 / 27
55. Tian T, You Q, Zhnag L, Yi X, Yan H, Xu W, et al. SorghumFDB: sorghum functional genomics data-
base with multidimensional network analysis. Database (Oxford) 2016:baw099.
56. Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S, Oertle L, et al. Genevestigator v3: a reference
expression database for the meta-analysis of transcriptomes. Adv Bioinformatics. 2008; 420747.
57. Grennan AK. Genevestigator. Facilitating web-based gene-expression analysis. Plant Physiol. 2006;
141:1164–1166. https://doi.org/10.1104/pp.104.900198 PMID: 16896229
58. Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S, Madden T. Primer-BLAST: A tool to design
target-specific primers for polymerase chain reaction. BMC Bioinfo. 2012; 13: 134.
59. Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm M, et al. Primer3—new capabili-
ties and interfaces. Nucl Acids Res. 2012; 40: e115. https://doi.org/10.1093/nar/gks596 PMID:
22730293
60. Reddy PS, Reddy DS, Sivasakthi K, Bhatnagar-Mathur P, Vadez V, Sharma KK. Evaluation of sor-
ghum [Sorghum bicolor (L.)] reference genes in various tissues and under abiotic stress conditions for
quantitative real-time PCR data normalization. Front Plant Sci. 2016; 7: 529. https://doi.org/10.3389/
fpls.2016.00529 PMID: 27200008
61. Pfaffl WM, Horganl WG, Leo D. Relative expression software tool (REST) for group-wise comparison
and statistical analysis of relative expression results in real-time PCR. Nucleic Acids Res. 2002; 3:
900.
62. Huang Z, Zhong XJ, He J, Jin SH, Guo HD, Yu XF, et al. Genome-wide identification, characterization,
and stress-responsive expression profiling of genes encoding LEA (Late Embryogenesis Abundant)
proteins in moso bamboo (Phyllostachys edulis). PLoS ONE. 2016; 11: e0165953. https://doi.org/10.
1371/journal.pone.0165953 PMID: 27829056
63. Li X, Cao J. Late Embryogenesis Abundant (LEA) gene family in maize: identification, evolution, and
expression profiles. Plant Mol Biol Rep. 2016; 34: 15–28.
64. Li L, Xu HL, Yang XL, Li YX, Hu YK. Genome-wide identification, classification and expression analy-
sis of LEA gene family in soybean. Sci Agric Sin. 2011; 44: 3945–3954.
65. Altunoglu YC, Baloglu MC, Baloglu P, Yer EN, Kara S. Genome-wide identification and comparative
expression analysis of LEA genes in watermelon and melon genomes. Physiol Mol Biol Plants. 2017;
23: 5–21. https://doi.org/10.1007/s12298-016-0405-8 PMID: 28250580
66. Pedrosa AM, Martins CDPS, Goncalve SLP, Costa MGC. Late embryogenesis abundant (LEA) consti-
tutes a large and diverse family of proteins involved in development and abiotic stress responses in
sweet orange (Citrus sinensis L. Osb.). PLoS ONE. 2015; 10(12): e0145785. https://doi.org/10.1371/
journal.pone.0145785 PMID: 26700652
67. Altunoglu YC, Baloglu P, Yer EN, Pekol S, Baloglu MC. Identification and expression analysis of LEA
gene family members in cucumber genome. Plant Growth Reg. 2016; 80: 225–241. https://doi.org/10.
1007/s10725-016-0160-4
68. Magwanga RO, Lu P, Kirungu JN, Lu H, Wang X, Cai X, et al. Characterization of the late embryogen-
esis abundant (LEA) proteins family and their role in drought stress tolerance in upland cotton. BMC
Genet. 2018; 19: 6. https://doi.org/10.1186/s12863-017-0596-1 PMID: 29334890
69. Kamisugi Y, Cuming AC. The evolution of the abscisic acid-response in land plants: comparative anal-
ysis of group 1 LEA gene expression in moss and cereals. Plant Mol Biol. 2005; 59: 723–737. https://
doi.org/10.1007/s11103-005-0909-z PMID: 16270226
70. Liu H, Wang X, Warburton ML, Wen W, Jin M, Deng M, et al. Genomic, transcriptomic, and phenomic
variation reveals the complex adaptation of modern maize breeding. Mol Plant. 2015; 8: 871–84.
https://doi.org/10.1016/j.molp.2015.01.016 PMID: 25620769
71. Nagaraju M, Reddy PS, Kumar SA, Kumar A, Suravajhala P, Ali A, et al. Genome-wide in silico analy-
sis of dehydrins in Sorghum bicolor, Setaria italica and Zea mays and quantitative analysis of dehydrin
gene expressions under abiotic stresses in Sorghum bicolor. Plant Gene. 2018; 13:64–75.
72. Kong H, Landherr LL, Frohlich MW, Leebens-Mack J, Ma H, de Pamphilis CW. Patterns of gene dupli-
cation in the plant SKP1 gene family in angiosperms: evidence for multiple mechanisms of rapid gene
birth. Plant J. 2007; 50: 873–885. https://doi.org/10.1111/j.1365-313X.2007.03097.x PMID: 17470057
73. Jeffares DC, Penkett CJ, Bahler J. Rapidly regulated genes are intron poor. Trends Genetics. 2008;
24: 375–378.
74. Artimo P, Jonnalagedda M, Arnold K, Baratin D, Csardi G, De Castro E, et al. ExPASy: SIB bioinfor-
matics resource portal. Nucleic Acids Res. 2012; 40 (Web Server issue): W597–W603. https://doi.
org/10.1093/nar/gks400 PMID: 22661580
75. Fuxreiter M, Simon I, Friedrich P, Tompa P. Preformed structural elements feature in partner recogni-
tion by intrinsically unstructured proteins. J Mol Biol. 2004; 338: 1015–1026. https://doi.org/10.1016/j.
jmb.2004.03.017 PMID: 15111064
Characterization of LEA genes under abiotic stress in Sorghum
PLOS ONE | https://doi.org/10.1371/journal.pone.0209980 January 16, 2019 25 / 27
76. Krogh A, Larsson B, Von Heijne G, Sonnhammer ELL. Predicting transmembrane protein topology
with a Hidden Markov model: application to complete genomes. J Mol Biol. 2001; 305: 567–580.
https://doi.org/10.1006/jmbi.2000.4315 PMID: 11152613
77. Ikai A. Thermostability and aliphatic index of globular proteins. J Biochem. 1980; 88: 1895–1898.
https://doi.org/10.1093/oxfordjournals.jbchem.a133168 PMID: 7462208
78. Hu R, Qi G, Kong Y, Kong D, Gao Q, Zhou G. Comprehensive analysis of NAC domain transcription
factor gene family in Populus trichocarpa. BMC Plant Biol. 2010; 10: 145. https://doi.org/10.1186/
1471-2229-10-145 PMID: 20630103
79. Dure L, Crouch M, Harada J, Ho TH, Mundy J, Quatrano R, et al. Common amino acid sequence
domains among the LEA proteins of higher plants. Plant Mol Biol. 1989; 12: 475–486. https://doi.org/
10.1007/BF00036962 PMID: 24271064
80. Garay-Arroyo A, Colmenero-Flores JM, Garciarrubio A, Covarrubias AA. Highly hydrophilic proteins in
prokaryotes and eukaryotes are common during conditions of water deficit. J Biol Chem. 2000; 275:
5668–5674. https://doi.org/10.1104/pp.001925 PMID: 10681550
81. Patil A, Nakamura H. Disordered domains and high surface charge confer hubs with the ability to inter-
act with multiple proteins in interaction networks. FEBS Lett. 2006; 580: 2041–2045. https://doi.org/
10.1016/j.febslet.2006.03.003 PMID: 16542654
82. Kruger C, Berkowitz O, Stephan UW, Hell R. A metal-binding member of the late embryogenesis
abundant protein family transports iron in the phloem of Ricinus communis L. J Biol Chem. 2002; 277:
25062–25069. https://doi.org/10.1074/jbc.M201896200 PMID: 11983700
83. Alsheikh MK, Heyen BJ, Randall SK. Ion-binding properties of the dehydrin ERD14 are dependent
upon phosphorylation. J Biol Chem. 2003; 278: 40882–40889. https://doi.org/10.1074/jbc.
M307151200 PMID: 12917402
84. Eriksson SK, Harryson P. Dehydrins: Molecular Biology, Structure and Function, eds. Lu¨ttge U, Beck
E, Bartels D, editors ( Berling; Heidelberg: Springer) 2011.
85. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004; 116: 281–297.
PMID: 14744438
86. Ambros V, Chen X. The regulation of genes and genomes by small RNAs. Development. 2007; 134:
1635–1641. https://doi.org/10.1242/dev.002006 PMID: 17409118
87. Xie F, Wang Q, Sun R, Zhang B. Deep sequencing reveals important roles of micro RNAs in response
to drought and salinity stress in cotton. J Exp Bot. 2015; 66: 789–804. https://doi.org/10.1093/jxb/
eru437 PMID: 25371507
88. Zhou M, Li D, Li Z, Hu Q, Yang C, Zhu L, et al. Constitutive expression of a miR319 gene alters plant
development and enhances salt and drought tolerance in transgenic creeping Bent grass. Plant Phy-
siol. 2013; 161: 1375–91. https://doi.org/10.1104/pp.112.208702 PMID: 23292790
89. Gao S, Yang L, Zeng HQ, Zhou ZS, Yang ZM, Li H, et al. A cotton miRNA is involved in regulation of
plant response to salt stress. Sci Rep. 2016; 6: 19736. https://doi.org/10.1038/srep19736 PMID:
26813144
90. Sunkar R, Zhou X, Zheng Y, Zhang W, Zhu JK. Identification of novel and candidate miRNAs in rice by
high throughput sequencing. BMC Plant Biol. 2008; 8:25. https://doi.org/10.1186/1471-2229-8-25
PMID: 18312648
91. Katiyar A, Smita S, Muthusamy SK, Chinnusamy V, Pandey DM, Bansal KC. Identification of novel
drought-responsive microRNAs and trans-acting siRNAs from Sorghum bicolor (L.) Moench by high-
throughput sequencing analysis. Front Plant Sci. 2015; 6: 506. https://doi.org/10.3389/fpls.2015.
00506 PMID: 26236318
92. Rhoades MW, Reinhart BJ, Lim LP, Burge CB, Bartel B, Bartel DP. Prediction of plant microRNA tar-
gets. Cell. 2002; 110: 513–520. https://doi.org/10.1016/S0092-8674(02)00863-2 PMID: 12202040
93. Bartel B, Bartel DP. MicroRNAs: at the root of plant development. Plant Physiol. 2003; 132: 709–717.
https://doi.org/10.1104/pp.103.023630 PMID: 12805599
94. Song QX, Liu YF, Hu XY, Zhang WK, Ma B, Chen SY, et al. Identification of miRNAs and their target
genes in developing soybean seeds by deep sequencing. BMC Plant Biol. 2011; 11:5. https://doi.org/
10.1186/1471-2229-11-5 PMID: 21219599
95. Bartels D, Sunkar R. Drought and salt tolerance in plants. Crit Rev Plant Sci. 2005; 24: 23–58.
96. Yamaguchi-Shinozaki K, Shinozaki K. Organization of cis-acting regulatory elements in osmotic and
cold-stress-responsive promoters. Trends in Plant Sci. 2005; 10: 88–94.
97. Yang T, Poovaiah BW. A calmodulin-binding/CGCG box DNA-binding protein family involved in multi-
ple signaling pathways in plants. J Biol Chem. 2002; 277: 45049–45058. https://doi.org/10.1074/jbc.
M207941200 PMID: 12218065
Characterization of LEA genes under abiotic stress in Sorghum
PLOS ONE | https://doi.org/10.1371/journal.pone.0209980 January 16, 2019 26 / 27
98. Chen W, Provart NJ, Glazebrook J, Katagiri F, Chang HS, Eulgem T, et al. Expression profile matrix of
Arabidopsis transcription factor genes suggests their putative functions in response to environmental
stresses. Plant Cell. 2002; 14: 559–574. https://doi.org/10.1105/tpc.010410 PMID: 11910004
99. Nishiuchi T, Shinshi H, Suzuki K. Rapid and transient activation of transcription of the ERF3 gene by
wounding in tobacco leaves: Possible involvement of NtWRKYs and auto repression. J Biol Chem.
2004; 279, 55355–55361. https://doi.org/10.1074/jbc.M409674200 PMID: 15509567
100. Park HC, Kim ML, Kang YH, Jeon JM, Yoo JH, Kim MC, et al. Pathogen- and NaCl-induced expres-
sion of the SCaM-4 promoter is mediated in part by a GT-1 box that interacts with a GT-1-like transcrip-
tion factor. Plant Physiol. 2004; 135: 2150–2161. https://doi.org/10.1104/pp.104.041442 PMID:
15310827
101. Li C, Ng CKY, Fan LM. MYB Transcription factors, active players in abiotic stress signaling. Environ
Exp Bot. 2014; 114: 80–91.
102. Prince VE, Pickett FB. Splitting pairs: the diverging fates of duplicated genes. Nat. Rev Genet. 2002;
3: 827–837. https://doi.org/10.1038/nrg928 PMID: 12415313
103. Salih H, Gong W, He S, Sun G, Sun J, Du X. Genome-wide characterization and expression analysis
of MYB transcription factors in Gossypium hirsutum. BMC Genet. 2016; 17(1):129. https://doi.org/10.
1186/s12863-016-0436-8 PMID: 27613381
104. Nekrutenko A, Baker RJ. Sub genome-specific markers in allopolyploid cotton Gossypium hirsutum:
implications for evolutionary analysis of polyploids. Gene. 2003; 306: 99–103. PMID: 12657471
105. Gao J, Lan T. Functional characterization of the late embryogenesis abundant (LEA) protein gene fam-
ily from Pinus tabuliformis (Pinaceae) in Escherichia coli. Sci Rep. 2016; 6: 19467. https://doi.org/10.
1038/srep19467 PMID: 26781930
106. Cao J, Huang J, Yang Y, Hu X. Analyses of the oligopeptide transporter gene family in poplar and
grape. BMC Genom. 2011; 12: 465.
107. Chen Y, Hao X, Cao J. Small auxin upregulated RNA (SAUR) gene family in maize: identification, evo-
lution, and its phylogenetic comparison with Arabidopsis, rice and sorghum. J Integr Plant Biol. 2014;
56: 133–150. https://doi.org/10.1111/jipb.12127 PMID: 24472286
108. Schmid M, Davison TS, Henz SR, Pape UJ, Demar M, Vingron M, Scholkopf B, Weigel D, Lohmann
JU. A gene expression map of Arabidopsis thaliana development. Nat Genet. 2005; 37: 501–506.
https://doi.org/10.1038/ng1543 PMID: 15806101
109. Wang Y, Zhang WZ, Song LF, Zou JJ, Su Z, Wu WH. Transcriptome analyses show changes in gene
expression to accompany pollen germination and tube growth in Arabidopsis. Plant Physiol. 2008b;
148: 1201–1211.
110. Kovacs D, Kalmar E, Torok Z, Tompa P. Chaperone activity of ERD10 and ERD14, two disordered
stress-related plant proteins. Plant Physiol. 2008; 147: 381–390. https://doi.org/10.1104/pp.108.
118208 PMID: 18359842
111. Opitz N, Marcon C, Paschold A, Malik WA, Lithio A, Brandt R, et al. Extensive tissue specific transcrip-
tomic plasticity in maize primary roots upon water deficit. J Exp Bot. 2016; 67: 1095–107. https://doi.
org/10.1093/jxb/erv453 PMID: 26463995
112. Flexas J, Bota J, Loreto F, Cornic G, Sharkey TD. Diffusive and metabolic limitations to photosynthesis
under drought and salinity in C3 plants. Plant Biol. 2004; 6: 269–279. https://doi.org/10.1055/s-2004-
820867 PMID: 15143435
113. Wang M, Li P, Li C, Pan Y, Jiang X, Zhu D, et al. SiLEA14, a novel atypical LEA protein, confers abiotic
stress resistance in foxtail millet. BMC Plant Biology. 2014; 14: 290. https://doi.org/10.1186/s12870-
014-0290-7 PMID: 25404037
114. Boucher V, Buitink J, Lin X, Boudet J, Hoekstra FA, Hundertmark M, et al. MtM25 is an atypical hydro-
phobic late embryogenesis-abundant protein that dissociates cold and desiccation- aggregated pro-
teins. Plant Cell Environ. 2010; 33: 418–430. https://doi.org/10.1111/j.1365-3040.2009.02093.x
PMID: 20002332
Characterization of LEA genes under abiotic stress in Sorghum
PLOS ONE | https://doi.org/10.1371/journal.pone.0209980 January 16, 2019 27 / 27
